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We synthesized 10–200 nm thick colossal magnetoresistive La0.7Sr0.3MnO3 ~LSMO! thin films
under compressive strain, resulting in perpendicular anisotropy. Similar magnetic domain structures
in LSMO films thicker than 40 nm were observed by magnetic force microscopy and were also seen
with photoemission electron microscopy. Recent transport measurements, in conjunction with this
result, suggest a dead layer at the interface, not at the surface. When varying the temperature from
below the Curie temperatureTC to above, the magnetic domains disappeared. These domains
nucleated uniformly across the film when the temperature was subsequently lowered, but their
positions were unrelated to the initial domains or to surface defects. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1687272#

Certain compositions of doped perovskite manganites
exhibit colossal magnetoresistance~CMR!, and may be half
metallic. In these CMR materials, the metal-insulator transi-
tion coincides with the magnetic transition. Experimentally,
the magnetic and transport properties of CMR materials have
been shown to be highly sensitive to lattice distortions both
in thin film and bulk form. Many groups have shown that
properties such as the Curie temperature resistivity, and mag-
netoresistance are extremely sensitive to chemical and hy-
drostatic pressure as well as epitaxial strain due to lattice
mismatch with an underlying substrate.1,2 Furthermore, geo-
metrical confinement of epitaxial thin films into islands will
change the strain state and thus affect the magnetism and
transport.

Of particular interest has been the correlation of the
magnetic domain state with the structure in optimally doped
CMR thin film materials. These materials have the composi-
tion La0.7AE0.3MnO3, where AE5alkaline earth. Unpat-
terned CMR films have been analyzed using magnetic force
microscopy~MFM! at room temperature.3 In differing strain
states at low temperature, the domains were observed to pin
to defects in the film.4 More detailed imaging of bicrystal
grain boundaries in thin films and measurement of theirTC’s
found that those temperatures were higher at grain bound-
aries than the grain interiors.5 Magneto-optical imaging has
also been used to probe the local domain structure of CMR
thin films.6 This study found that the local magnetization is
oriented out of the plane at bicrystal grain boundaries. Mag-
netic domain structure in these CMR films also gives rise to
distinctive magnetotransport specifically attributed to the do-

main walls.7,8 Moreover, it has been shown that ultrathin
doped manganite films exhibit a more pronounced magne-
toresistance effect than their thicker counterparts.7 Sunet al.
also reported that conductance linearly scales to zero at finite
film thickness in CMR thin films grown on a variety of
substrates.9 Taken together, these results suggest that there is
a surface or interface layer that has electronic properties very
different from the rest of the film. Therefore the magnetic as
well as the electronic properties of CMR thin films may not
scale with thickness as one would expect. Previous work on
La0.7Sr0.3MnO3 ~LSMO! thin films patterned into island
structures has shown that the nature of local magnetic struc-
ture in submicron islands of colossal magnetoresistive thin
films does not differ dramatically from that of continuous
films when the islands have low aspect ratios.10 In these
islands, the shape anisotropy as well as magnetostriction are
the key factors that determine the evolution of domains and
magnetization reversal.

In this paper, we present a more complete study of the
magnetics of LSMO thin films, and corresponding patterned
islands, with film thicknesses of 10–200 nm. This range of
thicknesses includes the Matthews-Blakesley critical thick-
ness of our epitaxial CMR films grown on LaAlO3

(;40 nm), below which the film should be under elastic
strain without plastic deformation.11 Moreover, the thinner
films of this series may be dominated by a surface or inter-
face related dead layer that has been deduced to be 5 nm for
CMR films grown on LaAlO3 by Sunet al.9

We describe the orientation of the manganites in terms of
the pseudocubic lattice parameters. For LSMO,abulk8 5bbulk8
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5cbulk8 53.87 Å. These lattice parameters are rotated 45°
from the rhombohedral, nearly cubic lattice parameters
abulk'bbulk'cbulk'5.48 Å. The pseudocubic lattice param-
eters for LaAlO3 ~LAO! are abulk8 5bbulk8 5cbulk8 53.80 Å.
LSMO films 10–200 nm thick were deposited epitaxially on
~001!-oriented LAO substrates by pulsed laser deposition. A
stochiometric target of LSMO is ablated using a focused 248
nm KrF excimer laser. The substrates were held at 700 °C in
a 320 mTorr pure oxygen atmosphere. The lattice mismatch
between LAO and LSMO places the films under22% com-
pressive strain. The films are compressively strained giving
rise to a perpendicular magnetic anisotropy. 2u–u x-ray dif-
fraction scans reveal epitaxial growth of the LSMO on LAO.
Only the ~001! families of peaks for LSMO and LAO are
present in the scan. The measurement of the full width at half
maximum for all of our films is limited by the resolution of
the x-ray diffractometer and is,0.3°. This implies that the
films are of high crystalline quality. The islands were pat-
terned from continuous films using standard photolithogra-
phy techniques. The patterns are defined using anI -line step-
per, then etched using an ion mill. Ion milling is somewhat
problematic as it carbonizes the photoresist, however, it is
necessary since the LSMO films are highly chemically resis-
tant.

We have verified the composition and thickness of our
films using Rutherford backscattering~RBS!. RBS was per-
formed on polycrystalline LSMO films that were grown on
Si substrates in tandem with the samples grown on LAO.
The samples on Si provide much better contrast in the RBS
spectrum than the samples grown on LAO. Composition re-
sults are within 10% of the stoichiometry of the ablated tar-
get. The RBS measured thickness is accurate to within'5%
of the actual film thickness. We also probed the surface mor-
phology of our films and islands with atomic force micros-
copy. Though the resulting root mean square~rms! roughness
of our unpatterned films slightly increases, on average, for
thicker films, the dominant factors in determining the rough-
ness are growth conditions. The unpatterned films ranging in
thickness from 10–200 nm have RMS roughness ranging
from 0.5–2.0 nm.

Using a superconducting quantum interference device
magnetometer, we measured the saturation magnetization of
our films at 5 K both in the in-plane and perpendicular di-
rections. All of our films exhibit saturation magnetization
values consistent with bulk values.12 We found thatTC is
suppressed as the film thickness decreases.TC has been mea-
sured as low as 265 K for a 10 nm thick film. The suppres-
sion of TC was also observed in the magnetization versus
temperature and resistivity measurements. This agrees with
previous observations thatTC increases as strain in the film is
released.13–15

The compressive biaxial strain on the film due to the
substrate gives rise to a perpendicular magnetic anisotropy.
We investigated the magnetic structure of our films using
MFM. Specifically we used magnetically coated tips magne-
tized in the perpendicular direction and scanned 20–50 nm
above the surface of the film. Because of the high coercivity
of our films and the low field produced by the tips, magne-
tization of our films is not a confounding factor. MFM

probes approximately an exchange length into the film,
'50 nm for our films. MFM reveals stripe domains indica-
tive of perpendicular anisotropy. Stripe domains form due to
a competition between the exchange, magnetostatic, and
magnetic anisotropy energies. In our case, the perpendicular
anisotropy is large enough to overcome the magnetostatic
energy and thus form stripes. MFM reveals domains of
widths 125 nm in a 53 nm thick film, as shown in Fig. 1. The
MFM studies of our unpatterned thin films show a square
root dependence of the domain size with film thickness. This
agrees with Kittel’s basic scaling model.16 MFM measure-
ments performed after saturation in various in-plane and per-
pendicular directions reveal stripe domains parallel to the
direction of the previously applied field—a result of the
minimization of the associated Zeeman energy. Domain
sizes, for patterned and unpatterned sets, appear to be similar
with a slight suppression possible in the island samples~see
Fig. 2!. We are unable to see MFM images of the domain
structure in films thinner than about 40 nm. Attempts by
other researchers to image films below this threshold have

FIG. 1. A MFM image of an unpatterned film 53 nm thick after a 1 T
magnetic field was applied in the perpendicular direction. The domains are
125 nm wide.

FIG. 2. A MFM image of the patterned version of the film in Fig. 1, after a
1 T magnetic field was applied in the perpendicular direction.
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met with little success.17 This may be due to either the lower
magnetization of the thinnest films reducing the interaction
with the MFM tip or the dominance of shape anisotropy over
strain anisotropy for ultrathin films.

Magnetic domain formation in our unpatterned thin films
was also investigated using photoemission electron micros-
copy ~PEEM!. Additionally we extracted chemical and struc-
tural information from the PEEM studies by summing the
left and right circularly polarized dichroism signals instead
of taking the difference.In situ heating of our sample with a
filament located behind the substrate allowed us to vary the
temperature. Measurements were taken from room tempera-
ture to above 400 K, in excess ofTC ~around 360 K!. Soh
et al. previously investigated the temperature dependence of
the magnetic domain structure at artificial grain boundaries
using MFM in CMR films with in-plane anisotropy, and ob-
served an increase inTC at these boundaries.5 Our study, on
the other hand, focuses on films with perpendicular
anisotropy.

Below TC the domains are clearly visible, disappearing
as the temperature is increased throughTC. When the
sample is cooled down the domains reform, but without any
correlation to their previous structure. Comparing the surface
morphology of the sample~deduced from the sum of the
signals! to the magnetic domain structure~deduced from the
difference of the signals!, we do not see any correlation,
implying that the magnetic domains are not pinning to de-
fects in the unpatterned films. The surface morphology does
not change as a function of temperature, as one would ex-
pect. In Fig. 3 domains about 125 nm in width disappear and
reform in a 53 nm thick film as the sample is warmed then
cooled throughTC. A similar effect was seen by Luet al. in
La0.65Ca0.35MnO3, but in that study, as in the study by Bis-
was et al., the domains were observed to pin to the film
defects.18,4 Previous MFM studies on LSMO have seen do-
main pinning in patterned island samples, suggesting that
pinning is enhanced by patterning.10

The PEEM probes only the surface layer, as the electron
escape depth is 2–5 nm. Therefore the scan can only detect a
few unit cells into the sample, in contrast to MFM, which

probes an entire exchange length below the surface. The fact
that we observe nearly identical stripe domain images with
both PEEM and MFM suggests that the surface layer of the
film is in the same magnetic state as the whole film. There-
fore, the dead layer that some groups deduced from transport
measurements of ultrathin films is most likely an interface
layer and not a surface layer.9

In summary, we have grown LSMO thin films of 10–200
nm in thickness. Magnetic domains in our LSMO thin films
thicker than 40 nm were observed with both MFM and
PEEM. The domain structure detected by both techniques is
very similar, implying that the domain state is the same for
the film and the surface layer, and therefore that the previ-
ously observed dead layer is most likely an interface, not a
surface, effect. We observed domain destruction and nucle-
ation, as samples were heated and cooled throughTC. The
domain nucleation occurred spontaneously across the entire
film as it cooled throughTC with little pinning of domain
walls.
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FIG. 3. PEEM images of the sample featured in Fig. 1. In view~a! the
sample was at room temperature. In view~b! it was raised aboveTC , and in
view ~c! it was cooled back to room temperature. Note how the domain
structure retains no history between the two room temperature images.
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